Summary statement: This study demonstrates that gastrointestinal motility patterns in shorthorn sculpin are primarily generated by the interstitial cells of Cajal (ICC). 
Introduction
Complex gastrointestinal motility patterns occur throughout the gastrointestinal tract to accomplish crucial functions such as food digestion, nutrient absorption, and removal of waste products (Kunze and Furness, 1999; Sanders et al., 2006) . Recently, we described a diverse array of in vivo motility patterns in adult shorthorn sculpin (Myoxocephalus scorpius) for the first time (Brijs et al., 2014) . Many of the motility patterns were reminiscent of, and/or may have similar functions to motility patterns documented in other vertebrates (e.g. peristalsis, migrating motor complexes, 'myogenic ripples '; Clench and Mathias, 1992; D'Antona et al., 2001; Hennig et al., 1999; Wingate, 1981) .
Gastrointestinal motility patterns are achieved through coordinated contractions and relaxations of smooth muscle in the gut wall which are controlled by a number of intrinsic and extrinsic mechanisms including: i) myogenic factors such as slow waves, which are generated and propagated in interstitial cells of Cajal (ICC) networks, ii) neurogenic factors such as intrinsic enteric reflexes modulated by extrinsic pathways, and iii) humoral factors such as hormones and paracrine factors (see Kunze and Furness, 1999; Olsson and Holmgren, 2001; Sanders et al., 2006) . Nerves may also act directly on smooth muscle cells or via intermediaries such as intramuscular ICC (ICC-IM) and platelet-derived growth factor receptor cells (i.e. PDGFRα; Heldin et al., 1998; Sanders et al., 2012a; Sanders et al., 2006) .
To date, studies examining gastrointestinal motility in fish, including the effects of various neuropeptides and other signaling substances, have primarily used in vitro models (isolated segments of gut; Gräns and Olsson, 2011; Olsson and Holmgren, 2001) . Only a few studies have examined the underlying in vivo control mechanisms (Brijs et al., 2014; Holmberg et al., 2007; Holmberg et al., 2006; Rich et al., 2013) . Findings from some of these studies have revealed that although blockade of neural activity (using tetrodotoxin, TTX) abolishes some motility patterns, other patterns persist, indicating that they are myogenic in origin (Brijs et al., 2014; Holmberg et al., 2007) . The myogenically-driven component of gastrointestinal motility patterns in fish has repeatedly been suggested to involve ICC (Brijs et al., 2014; Holmberg et al., 2007; Rich et al., 2013; Rich et al., 2007) , however, currently our knowledge regarding the presence, distribution and function of these cells in fish is limited.
In mammals, ICC act as pacemakers (myenteric ICC/ICC-MY) or modulators of neurotransmission (ICC-IM and deep muscular plexus ICC/ICC-DMP) (Sanders et al., 2006) . ICC-MY are essential for the generation and propagation of electrical slow waves (the rhythmic oscillations of smooth muscle membrane potentials that form the basis of smooth muscle contraction). Loss or disruption of ICC networks has been linked with many
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gastrointestinal disorders (Ward and Sanders, 2001) . Much is known about the network behaviour of mammalian ICC due to direct investigations utilizing c-kit (the proto-oncogene encoding the receptor tyrosine kinase, Kit; Huizinga et al., 1995; Ward et al., 1994) and Ca 2+ indicators (Hennig et al., 2004) , however, indirect studies of ICC behaviour via the analysis of myogenically-mediated motor behaviours have also significantly contributed to our understanding of the role of ICC (Bercik et al., 2000; D'Antona et al., 2001; Ferens et al., 2005; Hennig et al., 2010a; Kobayashi et al., 1996; Yoneda et al., 2002 ). ICC were originally described over a century ago, as small fusiform or stellate cells with prominent varicose processes that formed networks in gastrointestinal tissues (Cajal, 1911) . Antibodies against Kit have been used extensively to label ICC throughout the gastrointestinal tract in a wide range of vertebrates (Christensen, 1992) , however, successful labelling of ICC using Kit antibodies in teleosts has been variable (Ball et al., 2012; Mellgren and Johnson, 2005; Parichy et al., 1999; Rich et al., 2007; Wallace et al., 2005) . Recently, anoctamin 1 (Ano1), a Ca 2+ -activated Cl -channel found to be expressed exclusively in ICC has been used as a more specific marker for ICC (Espinosa et al., 2008; Gomez-Pinilla et al., 2009; Hwang et al., 2009) . It has been shown that this channel plays a fundamental role in the generation of slow waves in the gastrointestinal tract in a range of mammals, as animals lacking functional Ano1 fail to develop slow waves in the gastrointestinal tract (Hwang et al., 2009 ). High throughput screening for Ano1 inhibitors found that benzbromarone was a specific and potent blocker of this channel, thereby providing specific pharmacological tools to determine the role of Ano1 in pacemaker activity of ICC (Bernstein et al., 2014; Huang et al., 2012) .
The presence of Ano1-positive cells has been demonstrated in the zebrafish intestine from 3 days post fertilization (Uyttebroek et al., 2013) . The appearance of these cells corresponds well with the onset of propagating contractions observed in zebrafish larvae (Holmberg et al., 2003) , supporting the idea that these Ano1-positive cells may be pacemaker ICC. Furthermore, support for the involvement of ICC in the generation of gastrointestinal motility in fish lies in the fact that shallow propagating contractions ('ripples') observed in shorthorn sculpin share many characteristics with myogenic contractions in mammals (Brijs et al., 2014; D'Antona et al., 2001) . However, the majority of the evidence is circumstantial and therefore direct manipulation of ICC activity is required to determine the role of ICC in gastrointestinal motility of fish.
The objectives of the present study were to investigate whether Ano1 is a suitable marker for identifying ICC in shorthorn sculpin, and if so, to determine their presence in the Journal of Experimental Biology • Advance article myenteric region of the proximal intestine. Furthermore, the functional involvement of ICC in intestinal motor behaviour was investigated using a pharmacological antagonist of Ano1 channels and a previously tested in vivo method for qualitatively and quantitatively measuring motility patterns in teleost fish (Brijs et al., 2014) .
Materials and Methods

Experimental animals and holding conditions
Shorthorn sculpin (Myoxocephalus scorpius, Linnaeus 1758) are a benthic marine species described as opportunistic ambush predators (e.g. intermittent feeding strategy and carnivorous diet; Dick et al., 2009; Moore and Moore, 1974; Scott and Scott, 1988 ) that possess a gastrointestinal system consisting of a U-shaped sac-like stomach, pyloric caeca and a relatively short intestine (Olsson, 2011b; Seth and Axelsson, 2009 ). Individuals of both sexes, ranging between 100 and 400 g were captured off the west coast of Sweden. Fish were transported to the University of Gothenburg and kept in a fiberglass tank containing 1000 L of re-circulated, aerated seawater (30-33 parts per thousand, ppt) with shelter (clay plant pots that have been split in half) and substrate (stones) at 10ºC. Fish were acclimated for a minimum period of 6 weeks with a 12:12h light:dark photoperiod and fed once a week with commercial white fish corresponding to ~5-15% of body weight.
The fish were fasted for 3 weeks to ensure no food remained in the stomach or intestine, as potential postprandial motility patterns would confound our interpretations (Brijs et al., 2014) . The fasting period was based on i) a previous study on shorthorn sculpin, which demonstrated that even 72 h post-feeding ~20% of the meal still remained in the stomach (Seth and Axelsson, 2009) and ii) our own documentation of food contents still remaining in individuals after 2 weeks of fasting.
Animal care and all physiological experimental procedures were performed in accordance with guidelines and regulations approved by the ethical committee of Gothenburg, Sweden (ethical permit 167-2013) . Unless otherwise stated, all reagents used in the study were purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO, U.S.A).
Immunohistochemistry
Shorthorn sculpin (n=3) were euthanized by a sharp blow to the head. Whole-mount preparations exposing the myenteric region were obtained by gently peeling off the mucosa, submucosa and most of the circular muscle layer leaving a thin layer of circular muscle over the myenteric region (i.e. to minimize or prevent the removal of enteric neurons and ICC from the region). The preparations (~5x5 mm) were incubated overnight with either a primary antibody against anoctamin 1 alone or in combination with one of two neuronal markers, anti-Hu C/D or anti-acetylated tubulin (see Table 1 ). After washing (3x10 min) with PBS, the preparations were incubated with the appropriate secondary antibody or antibodies (see Table 1 ) for 1-2 h, then washed with PBS (3x10 min) and subsequently mounted on slides with carbonate buffered glycerol. All incubations took place in a humid chamber at room temperature. The antibodies were diluted using 0.1 M PBS, containing 2% NaCl, 0.1% bovine serum albumin and 0.2% NaN3.
The preparations were observed using a Nikon Eclipse E1000 digital fluorescence microscope equipped with a Nikon Digital Camera DXM1200 and the Nikon software, ACT-1 (Nikon Inc., Melville, New York, U.S.A.). Adjustment of colour, contrast and brightness of pictures were made in Adobe Photoshop CS5 (Adobe Systems Inc., New York, U.S.A.).
Density and shape measurements were performed in VolumetryG8d (a custom-made program designed and developed by Grant W. Hennig).
Recording and analysis of gastrointestinal motility patterns
Individual shorthorn sculpin were anaesthetized in water containing 75 mg L -1 MS222 (ethyl-3-aminobenzoate methanesulphonic acid) buffered with 150 mg L -1 NaHCO3. Length and weight of the fish were recorded prior to the fish being placed ventral side up on soft, watersaturated foam on the surgical table. To maintain anaesthesia, gills were continuously flushed with aerated water containing 50 mg L -1 MS222 buffered with 100 mg L -1 NaHCO3 at 10ºC.
Relative cardiac output and heart rate were monitored throughout the experiment to ensure fish were sufficiently anaesthetized by using a 20 MHz Doppler flow crystal (Iowa Doppler products, Iowa City, IA, USA) embedded in 1.6-2.3 mm cuffs (depending on size of fish) on the ventral aorta adjacent to the bulbus arteriosus. The lead from the Doppler flow probe was connected to a directional-pulsed Doppler flowmeter (model 545C-4, Iowa Doppler products), which in turn was connected to a PowerLab 8/30 system (ADInstruments, Castle Hill, Australia). Data was collected on a PC using ADInstruments acquisition software Chart TM 7 Pro v7.2.5, at a sampling rate of 10 Hz. 'Pre-operative' heart rate and relative
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blood flow of anaesthetized fish was measured for 15-20 minutes prior to accessing the proximal intestine. If heart rate or relative blood flow values decreased more than 30% of 'pre-operative' values during the experimental period then the fish was excluded (one individual was excluded due to a deterioration in cardiac performance).
The proximal intestine was accessed and prepared for video-recording using methods described in detail in Brijs et al. (2014) . Briefly, a mid-ventral incision was made to access the abdominal cavity, whereupon the proximal intestine was gently extracted from the cavity and placed in a modified Petri dish (total volume of dish = 0.125 L). The proximal intestine was submerged with re-circulating shorthorn sculpin Ringer's solution (206 mM NaCl, 81 mM KCl, 2 mM CaCl2.2H2O, 1 mM MgCl2.6H2O, 1 mM NaH2PO4.2H2O, Na2HPO4.2H2O, pH 7.45) bubbled with air at 10ºC. The intestine was held in place by guiding it around a large pin positioned in the area where the intestine forms a U-bend. Care was taken not to twist, restrict, or damage any blood vessels or nerves during this process. A piece of black cotton was placed over the mesentery and middle intestine, with fiber-optic lights strategically placed to ensure optimum contrast between the background and proximal intestine. The exposed abdominal cavity was covered with a chamois saturated in Ringer's solution and the fish was left undisturbed for 1 hour before video recording commenced. The recovery time was deemed necessary from our previous study (Brijs et al., 2014) , as rhythmic and repeatable intestinal motility patterns returned 30-60 minutes after the completion of the surgical procedure.
A calibration bar (25 mm) was placed in the field of view as a spatial reference. Images were captured using a DMK31AF03 monochrome, FireWire camera (The Imaging Source, Putzbrunn, Germany). Resolution was 1024x768 pixels; corresponding to a field of view at the magnification used of 54x39 mm. Images were captured at 3.75 frames per second for 30 minutes for three successive videos. A recording period of 30 minutes was selected to ensure that a representative sample of motility patterns was recorded, as our previous study demonstrated periods of inactivity and low contraction frequency in shorthorn sculpin (Brijs et al., 2014) . The sequence of video-recordings consisted of the following: control period (only Ringer's solution), neuronal blockade (TTX, Alomone Labs, Jerusalem, Israel) and blockade of ICC (benzbromarone). Fish were left undisturbed for 15 minutes between each period to allow the blockers sufficient time to affect the proximal intestine prior to the subsequent recording. During our previous study, we observed that preparations remained viable for lengthy periods of time (>5 hours) (Brijs et al., 2014) , but to ensure that the section of proximal tissue was still functional at the end of the experiment, carbachol was added to , 1985; Karila and Holmgren, 1995; Kitazawa et al., 2012) . The final bath concentration selected for benzbromarone (100 µM) was selected after initial testing of both 10 µM and 100 µM, which were concentrations demonstrated to successfully block Ano1 in mammalian studies (Bernstein et al., 2014; Huang et al., 2012) . TTX and carbachol were dissolved in 0.9% saline, whereas benzbromarone was dissolved in dimethyl sulfoxide Video recordings were analyzed by importing files into Volumetry G8d to construct spatio-temporal maps (ST maps). ST maps can be used to visualize and quantitatively describe complex motility patterns, as well as their spatial (regional distribution) and temporal (frequency) characteristics, as previously described (Brijs et al., 2014; Hennig et al., 1999) . Briefly, images were thresholded to define the outer edges of the proximal intestine, which indented as contractile waves passed. The distance between the thresholded edges of the intestine was calculated for each pixel along the intestine and colour coded as a % change compared to the average outer diameter (∆ODavg) at that pixel calculated over the entire recording period (30 mins). Diameters less than the average were colour-coded red (i.e.
maximal contraction coded as fully saturated red), diameters equal to the average were colour-coded white, and diameters greater than the average were colour-coded blue (maximal dilation coded as fully saturated blue). Each video frame produced a single row of colour- 
Particle analysis
Particle analysis was used to more accurately assess the nature and prevalence of specific types of motor behaviours. Briefly, contraction peaks were enhanced using an inflexion detector (∆t = 75-187.5s), smoothed (Gauss 7x7 pixel kernel, s.d. = 1.5), thresholded (inflexion sum ≥50%) and flood-filled. The space-time coordinates of each contraction peak were stored and the overall object (particle) numbered. The leading edge coordinates of each particle were extracted and used to calculate the instantaneous velocity at each point along the particle (using linear regression over a span±0.3mm), as well as the interval between each contraction peak. Results were plotted as histograms. Quantitative descriptions of contractions were limited after benzbromarone due to the lack of resolvable contractions (see Results and Discussion).
Parameters of wall motion
Three main parameters of wall motion were compared before and after drugs in this study.
The frequency of phasic contractions was measured as the interval between successive events and was calculated automatically for 'ripples' and manually for slow, anally-propagating contractions. Longer intervals equate to a slower frequency of events. The amplitude of contractions/relaxations is commonly used to measure neural motor output to the muscle, but can also reflect excitation-coupling between ICC (slow waves) and muscle. The velocity and direction of propagating contractions is a measure of the stability of initiation sites, and the coupling between cells in the network in which activity is propagating through (e.g. slow waves in ICC-MY or migrating motor complexes).
Statistical analysis
Data was assessed for outliers and normality (Shapiro-Wilk >0.05). To meet these assumptions, the frequency of resolvable contractions data were transformed using a log10 transformation. A one-way repeated measures ANOVA and Scheffe post-hoc test were used to determine whether significant differences in overall contraction amplitude occurred between the different treatments (i.e. control, TTX and benzbromarone). The use of normalized contraction values to better identify active contractions prevented comparisons between groups using the mean (normalized to 0). Instead, the prevalence of contractions that
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reduced the diameter by 10% or more was chosen as a comparison point as it was representative of the overall shift between the curves and the strength of these contractions were likely to be of biological importance. Paired-sample t-tests were used to determine whether TTX significantly affected any parameters of the contractions (i.e. frequency of resolvable contractions and amplitude of specific motility patterns). A p<0.05 was regarded as statistically significant. All statistical analyses were performed with IBM SPSS Statistics 21 (IBM SPSS, New York, USA). Immunohistochemical data is presented as mean±s.d., whereas unless otherwise stated the remaining data is presented as mean±s.e.m.
Results
Presence of ICC in proximal intestine
Ano1 immunoreactivity revealed a dense network of Ano1-positive cells in the myenteric region (i.e. between the circular and longitudinal muscle layers) of the shorthorn sculpin proximal intestine (Fig. 1A) . The network consisted of interconnected cells with repeatedly branching processes (Fig. 1B) . The processes seemed to form anastomoses, giving the appearance of a mesh (Fig. 1A & B) . Individual cell bodies were multipolar, with a comparatively large ovoid nucleus (nucleus major axis = 8.8±1.1 µm, minor axis = 4.2±1.0 µm, mean±s.d., n=12 cells from 4 photos, Fig. 1B ). Due to the complex, overlapping structure of cell processes in the network, it was difficult to precisely determine cell density in terms of cells per unit area, however, the area labelled by Ano1 immunoreactivity (cell bodies and processes) in relation to the total field of view was 25±2% (n=4).
Double-labelling with the neuronal markers acetylated tubulin (AcT) or Hu C/D
showed that the Ano1-immunoreactive network was clearly distinct from the neuronal myenteric plexus (Fig. 1C-N) . As previously shown (Olsson, 2011a), Hu C/Dimmunoreactive enteric nerve cell bodies were found scattered throughout the plexus whereas AcT-immunoreactive nerve fibres composed a dense network that included both single fibres and thicker nerve strands (see Fig 1G) . Although some Ano1-immunoreactive processes run very close to AcT-immunoreactive nerve fibres, merged images showed no overlap between the different structures (see Fig. 1H , K & N). In addition, most of the Ano1-immunoreactive network seemed to be located in a slightly different focal plane than the nerve plexus. These results suggest that the sculpin has a developed ICC network at the level of the myenteric plexus (ICC-MY).
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Spontaneous gastrointestinal motility patterns
The motility patterns observed in the proximal intestine were similar to those observed in our previous study (Brijs et al., 2014) . The most prevalent patterns consisted of 'ripples' and slow anally-propagating contractions (i.e. observed in all fish, n=8, see examples in Fig. 2A, D, G and Movie 1). The range (95% confidence intervals) of overall contraction amplitudes quantified during control conditions was -18 to +18% of the average outer diameter of the intestine (ODavg.; Fig. 3 ). Under control conditions, 'ripples' propagated primarily in an oral direction (77±3%, mean±s.d., n=8) at a modal frequency of 2.8 contractions per minute (c.p.m.; Fig. 4 ) and modal velocity of 0.20-0.30 mm s -1 (Fig. 5) . Slow anally-propagating contractions occurred at an average frequency of 0.33±0.02 c.p.m. and had an average velocity of 0.10±0.01 mm s -1 . These slowly-propagating contractions had graded effects on the higher frequency contractions of the proximal intestine ranging from: i) little effect on the pattern of underlying 'ripples' but a slight enhancement of their amplitude ( Fig. 2A) , ii) noticeable enhancement of 'ripples' often with a sustained or nearly sustained contraction at the leading edge of the propagating contraction (Fig. 2D) , and iii) sustained, high amplitude contractions during which underlying 'ripples' were no longer apparent (Fig. 2G top) . In many cases, this motor behaviour resulted in a significant displacement of contents in the anal direction as evidenced by the slow propagating dilations ahead of these types of contractions (blue streaks in Fig. 2A , B & G; see overlaid yellow dashed lines).
Myogenic gastrointestinal motility patterns
Blockade of neural activity with tetrodotoxin (TTX: 1 µM) did not abolish 'ripples' or slow anally-propagating contractions, but instead altered the characteristics of these motility patterns (Fig. 2B , E, H and Movie 1). The range (95% confidence intervals) of overall contraction amplitudes quantified during neural blockade (-17 to +21% ODavg.; Fig. 3 ) was not significantly different than under control conditions. However, further investigation into the amplitude of specific motility patterns revealed that neural blockade significantly reduced the amplitude of 'ripples' (∆OD control = -11±2% versus ∆OD TTX = -8±1%; t=2.65, df=7, p=0.03) and slow anally-propagating contractions (∆OD control = -41±5% versus ∆OD TTX = -24±3%; t=3.18, df=7, p=0.02). Furthermore, TTX altered the frequency distribution, increasing the prevalence of lower-frequency contractions (modal intervals of 70 and 130s corresponding to 0.86 and 0.46 c.p.m., respectively; Fig 4B) . While the modal instantaneous velocity was unchanged compared to controls (0.20-0.30 mm s -1 ; Fig 5B) , the strong bias of
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contractions propagating in an oral direction was reduced (60±26%, mean±s.d., n=8) and there was an overall reduction in resolvable contractions (down to 50% of controls, t=2.54, df=7, p=0.04).
Effect of blockade of Ano1 currents on gastrointestinal motor patterns
Subsequent addition of benzbromarone (100 µM) after TTX (1 µM) had a substantial impact on the contractile activity of the proximal intestine of shorthorn sculpin (Fig. 2C, F, I and Movie 1). Benzbromarone not only abolished 'ripples' and slow anally-propagating contractions but nearly all forms of contractile activity in the proximal intestine of shorthorn sculpin with the exception of a few random and minor non-propagating contractions (Fig. 2C, F, I and Movie 1). The range of overall contraction amplitudes following the addition of benzbromarone was reduced to -6 to +7% ODavg (95% confidence intervals; Fig. 3 ).
Resolvable contractions were reduced to <2% of controls and detailed frequency/velocity information could not be quantified. However, in a few fish ( , 1999; Uyttebroek et al., 2013) , whereas others have suggested the presence of putative ICC in the myenteric region and circular muscle layer (Ball et al., 2012; Rich et al., 2007) .
Recently, a network of Ano1-positive cells has also been described in larval and adult zebrafish (Uyttebroek et al., 2013) , which in combination with our observations strongly indicate that Ano1 is a more reliable marker for ICC than Kit in the gastrointestinal tract of fish. The few successful studies using Kit-antibodies for identifying ICC in fish (Ball et al., 2012; Rich et al., 2007) described cells with similar characteristics as the Ano1-positive cells reported here, however, they were only able to detect these cells at 7 days post fertilization.
In contrast, Ano1-positive cells could be identified as early as 3 days post fertilization (Uyttebroek et al., 2013) . In mammals, Ano1 and Kit are simultaneously expressed by all ICC, however, Ano1 is considered to be a more specific marker as Kit immunoreactivity can be weaker in some ICC (i.e. 'Kit-dim' ICC) and Kit has also been shown to label mast cells (Gomez-Pinilla et al., 2009 ). The present study strongly indicates that Ano1 can be utilized as a specific marker for ICC in fish, which provides a platform for future investigations into the currently unknown distribution of ICC in the different regions and layers of the piscine gastrointestinal tract.
Role of ICC in the control of gastrointestinal motility in fish
Using a previously developed and tested method for examining spatial and temporal gastrointestinal contractile activity (Brijs et al., 2014) , without severing the gut from its blood supply and extrinsic nervous control systems, we were able to investigate the mechanisms that generate different in vivo motility patterns in the proximal intestine of shorthorn sculpin.
Control gastrointestinal motility patterns in the proximal intestine of shorthorn sculpin were qualitatively and quantitatively similar to in vivo motility patterns described in our previous study (Brijs et al., 2014) .
The most common motility pattern in the present study were the shallow, rhythmic contractions (2.8 c.p.m.) referred to as 'ripples' (Brijs et al., 2014) , in analogy with the initial description of similar patterns in the guinea-pig proximal colon (D'Antona et al., 2001) .
'Ripples' primarily propagated in an oral direction, which has been suggested to promote or optimize absorption (Chen et al., 2013; Dinning et al., 2012; Hennig et al., 2010a) , as the contractions may aid in the mixing/circulation of intestinal contents over the mucosal surface of the gastrointestinal tract (Lee, 1983) . 'Ripples' persisted in all individuals following neuronal blockade, similar to 'myogenic ripples' described in numerous mammalian studies (Benard et al., 1997; D'Antona et al., 2001; Dinning et al., 2012; Hennig et al., 2010a;  Journal of Experimental Biology • Advance article Huizinga et al., 2011) . However, instead of the fairly constant frequency seen under control conditions, the prevalence of lower-frequency 'ripples' was markedly increased. This suggests that some form of neural activity is required to stabilize high-frequency 'ripples' under control conditions. It has been suggested that 'myogenic ripples' in mammals are the phasic contractions in the gastrointestinal tract caused by underlying slow waves, which are generated and actively propagated by ICC (Bercik et al., 2000; Hennig et al., 2010a; Sanders et al., 2006) . The major initiating inward current in ICC is due to the opening of Ca 2+ -activated Cl -channels that are highly expressed in mammals (Gomez-Pinilla et al., 2009; Hwang et al., 2009 ). This channel also appears to be involved in the propagation of the slow wave front through the ICC-MY network in the mouse intestine (Singh et al., 2014) .
Blockade of this channel prevents the depolarization step that opens other Ca 2+ channels and prevents the pacemaker transients from being generated in ICC (Sanders et al., 2006; Sanders et al., 2012b) . Whilst membrane potential or Ca 2+ activity within the ICC were not directly measured in this study, the blockade of these channels produced an effect consistent with The other major gastrointestinal motility pattern observed in shorthorn sculpin during this study was the rhythmic pattern of slow anally-propagating contractions (~ a contraction every 3 min). This motility pattern was documented in our previous study (Brijs et al., 2014) and was argued to resemble and have a similar role as the migrating motor complexes (MMCs) observed during the fasted state of most mammals with an intermittent food intake (Bueno and Ruckebusch, 1976; Ruckebusch and Fioramonti, 1975; Ruckenbusch and Bueno, 1976; Szurszewski, 1969) . However, the underlying mechanisms of these motility patterns differ as mammalian MMCs are neurally-mediated (Brierley et al., 2001; Spencer et al., 2000) , whereas slow anally-propagating contractions persisted in all individuals following (Hennig et al., 2010b) . Whether the remaining motility patterns observed in this study after TTX and benzbromarone are intrinsic to smooth muscle, or are due to some form of mechanical, paracrine or endocrine activation of smooth muscle remains to be determined.
Although both 'ripples' and slow anally-propagating contractions can be modulated by neural activity, myogenic mechanisms seem to play a dominant role in the generation of propagating contractions in the proximal intestine of shorthorn sculpin. This is in agreement with results from zebrafish larvae, showing that neither enteric nor extrinsic innervation are required for the initiation and propagation of contractions, but instead play an important role as modulators of intestinal activity later on in development (Holmberg et al., 2007) .
However, future investigations concerning in vivo gastrointestinal motility patterns and their respective control mechanisms in different regions of the gastrointestinal tract in fish would be necessary to determine whether the patterns and control mechanisms observed in the present study are similar throughout the entire gastrointestinal tract.
Conclusions
We propose that the dense network of Ano1-labeled cells with repeatedly branched, overlapping processes found in the myenteric region of the proximal intestine of a large adult fish correspond to the ICC-MY network in mammals. Furthermore, the role of ICC in the shorthorn sculpin seems to be more encompassing than in mammals, as contractions still occurred after addition of TTX but were abolished when Ano1 channels were blocked, suggesting that ICC are integral for the generation and propagation of the majority of rhythmic in vivo contractile patterns in this fish species. Finally, the present study provides a platform for future studies to further investigate the distribution and functional roles of ICC in other regions of the gastrointestinal system in fish and other ectothermic species.
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